Introduction {#Sec1}
============

In the past decade, several studies have highlighted the importance of differential genetic and environmental effects on a variety of traits across males and females^[@CR1]--[@CR5]^. For example, a study performed in 806 subjects from a genetically isolated Hutterite population showed sex differences in X-linked and autosomal additive genetic effects on several anthropometric traits, such as height, fasting insulin, and triglycerides^[@CR1]^. Similarly, several robust sex-specific genetic effects have been identified outside the sex chromosomes in human^[@CR3]^ and animal studies^[@CR6]--[@CR8]^. In addition, sex-specific environmental effects have been observed in obesity, where boys and girls differ in susceptibility to their social environment^[@CR9]^. The presence of sex-specific etiological effects in human traits has far-reaching implications. A strong contribution of sex-specific effects in trait variation would for instance imply a difference in etiology between males and females for the same disorder, which would require sex-specific treatments. To assess the overall importance of sex-specific genetic effects across human traits, estimates of sex-specific heritability and male-female genetic correlations are most informative. While heritability quantifies the relative contribution of genetic effects compared to environmental effects in a trait, male-female co-heritability quantifies to what extent the same genetic variants play a role in males and females. Both measures are largely independent and complementary, and can be assessed using pairs of monozygotic (MZ) and dizygotic (DZ) twins, including same-sex and opposite DZ twins.

Twin studies have contributed enormously to our understanding of the relative contribution of genetic and environmental effects across human traits. A recently published meta-analysis of virtually all twin studies^[@CR10]^ provided sex-specific estimates for the contribution of genes and environment across all traits investigated thus far. However, this study did not include an in-depth analysis of the extent to which male and female heritability estimates differed, nor did it report on the co-heritability in males and females. In the present study we therefore use single-sex and opposite-sex twin correlations to systematically assess the overall contribution of sex-specific genetic effects as well as the male-female genetic overlap across all investigated domains of human traits.

The use of twin correlations allows testing of three sex-specific hypotheses. The first hypothesis is that the difference between the monozygotic twin correlation (r~MZ~) and dizygotic twin correlation (r~DZ~) is similar across males (M) and females (F) ((r~MZM~-r~DZM~) = (r~MZF~-r~DZF~)). This can be interpreted as a test of whether the influence of (additive) genetic effects on the population variance is the same in males and females (hypothesis of equal amount of heritability). The second hypothesis is that the difference between 2\*r~DZ~ and r~MZ~ is similar across sexes, thus ((2r~DZM~-r~MZM~) = (2r~DZF~-r~MZF~))^[@CR11]^. This can be interpreted as a test of whether the relative influence of the shared environment is the same in males and females (hypothesis of equal amount of shared environmental influences) The third hypothesis that can be tested with twin data is that the observed correlation in DZ same-sex twins (r~DZSS~), here defined as the male and female DZ twin correlation midpoint 1/2 r~DZM~ + 1/2 r~DZF~, is the same as the observed correlation in DZ twins of opposite sex (r~DZSS~ = r~DOS~). This is a test of whether the same genes and regulatory regions (and/or shared environmental factors) affect the trait of interest in males and females (hypothesis of full co-heritability).

Results {#Sec2}
=======

To assess the contribution of sex-specific genetic effects we used the MATCH database of twin correlations of Polderman *et al*.^[@CR10]^, of which we selected all traits for which sex-specific twin correlations and their standard errors (SEs) were available. The three hypotheses as introduced above were tested per 'trait' as reported in the original study as well as per 'trait category' following the official ICF^[@CR12]^ and ICD-10^[@CR13]^ sub-chapter classification (see Methods for details). We report on 50 trait categories based on 2,608 reported traits to test our hypotheses (see Table [1](#Tab1){ref-type="table"}).Table 1Descriptive statistics of sex-specific twin correlations and their derivatives used in this study.Null hypothesis testedN traitsTotal N twin-pairs\*N trait categories\*\*r~MZM~-r~DZM~ = r~MZF~-r~DZF~ (equal heritability)2,6082,335,920502r~DZM~-r~MZM~* = *2r~DZF~-r~MZF~ (equal shared environment)2,6082,335,92050r~DZSS~ = r~DOS~ (full co-heritability)1,9221,433,96736\*Selected for at least 5 pairs per individual study. \*\*With at least 500 pairs included in the meta-analytic estimate, and based on at least 10 studies.

Sex differences per trait {#Sec3}
-------------------------

For each trait we tested whether r~MZM~-r~DZM~ = r~MZF~-r~DZF~. Of all 2,608 traits the relative contribution of genetic influences was significantly different between males and females for 1% (37) of the traits after Bonferroni corrected p-value of 1.5 × 10^−5^, while 12% (309) of traits were significant at the uncorrected 0.05 level. The test for equal shared environment variance resulted in a significantly different contribution of the environment between males and females in 1% (35) of traits after correction (p \< 1.5 × 10^−5^) and 12% (311) at the 0.05 level of significance (Fig. [1a and b](#Fig1){ref-type="fig"}).Figure 1Estimates of genetic and environmental influences for males versus females across individual study traits. Scatterplots of estimates of (**a**) heritability (h^2^ = 2(r~MZ~ − r~DZ~)) and (**b**) amount of shared environment (c^2^ = 2r~DZ~ − r~MZ~) for males versus females. Red dots indicate traits for which the female estimate is significantly larger than the male estimate after. Blue dots indicate traits for which male heritability is significantly larger than female heritability. Grey dots indicate no statistically significant difference after Bonferroni correction for 2,608 trait statistics. The bottom graphs show the distribution of male-female differences in genetic effects (**c**) and shared environmental effects (**d**).

Note that although it is impossible to have a negative h^2^ and c^2^ in the population, due to the sometimes large sampling error of the observed twin correlations, sample estimates of h^2^ and c^2^ can be negative. Although it is possible to truncate these negative values to zero, this would result in biased estimates of the sex differences in h^2^ and c^2^, making hypothesis testing less reliable. In other words, a significant sex difference in h^2^ or c^2^ driven by a negative value only reflects that the null hypothesis of no sex difference can be rejected. It does not imply that h^2^ or c^2^ are negative on the population level. In addition, some statistically significant sex-differences are close to zero, due to small standard errors. This illustrates that statistically significant sex-differences are not necessarily large. The size of these significant sex-differences should therefore be taken into account as well.

The distribution of the genetic and environmental differences between males and females was symmetrically distributed around zero with a sharp peak and long tails (Fig. [1c and d](#Fig1){ref-type="fig"}). The sex-differences in h^2^ and c^2^ are not normally distributed due to the large variation in standard errors. Drawing test statistics under the null hypothesis of no sex-differences from a normal distribution based on the same variation in standard errors, shows a similarly peaked distribution (see Supplementary Fig. [S1](#MOESM1){ref-type="media"}).

When testing for the contribution of sex-specific effects in these traits (r~DZSS~ = r~DOS~) in 1,922 within-study comparisons, 3% (55) of traits were significantly different from each other at the Bonferroni corrected level of p \< 2.6 × 10^−5^, while 23% (447 traits) were significant at an alpha of 0.05 (Fig. [2a](#Fig2){ref-type="fig"}). All statistically significant effects involved r~DZSS~ ≥ r~DOS~, which is in the expected direction. This pattern was also reflected in a slightly skewed distribution of the difference between the opposite and same-sex correlation (Fig. [2b](#Fig2){ref-type="fig"}). See Figure [S1](#MOESM1){ref-type="media"} for the distribution under the symmetric null hypothesis.Figure 2Estimates of co-heritability between males and females across 1,922 individual study traits. (**a**) Scatterplot of all dizygotic (DZ) same-sex midpoint correlations (r~DZSS~ = 1/2 r~DZM~ + 1/2 r~DZF~) versus DZ opposite-sex correlations (r~DOS~). For each study trait it was tested whether r~DZSS~ = r~DOS~. Red dots indicate that r~DOS~ was significantly larger than r~DZSS~. Blue dots indicate that r~DZSS~ was larger than r~DOS~. Grey dots indicate no statistically significant difference after Bonferroni correction for 1,922 individual study traits. (**b**) Distribution of all DZ same-sex midpoint and r~DOS~ differences. Although most differences are close to zero, opposite-sex correlations are on average larger than same-sex DZ twin correlations.
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Here we tested whether sex differences clustered within trait categories. Testing for heritability differences between males and females in 50 trait categories did not reveal any statistically different effects (Fig. [3a](#Fig3){ref-type="fig"}). Only the shared environmental estimate (2r~DZ~-r~MZ~) of the trait category *Function of Brain* was significantly higher for females than for males, although the difference was modest (−0.1) and both male and female estimates were close to zero (Fig. [3b](#Fig3){ref-type="fig"}).Figure 3Estimates of genetic and environmental influences for males versus females across 50 trait categories. Scatterplots of estimates of (**a**) heritability (h^2^ = 2(r~MZ~ − r~DZ~)) and (**b**) amount of shared environment (c^2^ = 2r~MZ~ − r~DZ~) for males versus females. Red dots indicate traits for which the female estimate is significantly larger than the male estimate. Blue dots indicate traits for which male heritability is significantly larger than female heritability. Grey dots indicate no statistically significant difference after Bonferroni correction for 50 trait category statistics. Except for *Function of Brain* no trait categories shows robust statistical evidence for sex-specific heritabilities or environmental influences.

The contribution of sex-specific effects (r~DZSS~ = r~DOS~) could be tested in 36 trait categories revealing 9 categories (25%) with significant differences after Bonferroni correction, and 17 categories (47%) at the 0.05 significance level) (Fig. [4](#Fig4){ref-type="fig"}).Figure 4Nine trait categories (25%) show robust statistical evidence for reduced co-heritability between males and females. Scatterplot of all dizygotic (DZ) same-sex midpoint correlations (r~DZSS~ = 1/2 r~DZM~ + 1/2 r~DZF~) versus DZ opposite-sex correlations (r~DOS~) for a total of 36 trait categories. For each pair of it was tested whether r~DZSS~ = r~DOS~. Red dots indicate that r~DOS~ was significantly larger than r~DZSS~. Blue dots indicate that r~DZSS~ was larger than r~DOS~. Grey dots indicate no statistically significant difference after Bonferroni correction for 36 trait categories.

Finally, Table [2](#Tab2){ref-type="table"} shows the eight trait categories with robust statistical evidence for differences in genetic and/or shared environmental factors between males and females.Table 2Specific trait categories with evidence for different genes or environmental factors for males and females.Traith^2^~diff~p~h~^2^~diff~\*c^2^~diff~p~c~^2^~diff~\*r~dzss-~r~dos~p~dzss-dos~\*\*Food0.031.00−0.021.00**0**.**104**.**2 × 10**^**−1**3^Disorders of Puberty, Not Elsewhere Classified0.240.18−0.220.32**0**.**204**.**6 × 10**^**−10**^Eating Disorders−0.081.000.011.00**0**.**111**.**1 × 10**^**−6**^Height0.061.00−0.041.00**0**.**052**.**8 × 10**^**−4**^Mental and Behavioural Disorders Due to Use of Tobacco0.001.00−0.081.00**0**.**135**.**6 × 10**^**−4**^Looking After One's Health0.011.00−0.041.00**0**.**101**.**4 × 10**^**−3**^Specific Personality Disorders−0.131.000.111.00**0**.**094**.**9 × 10**^**−3**^Weight Maintenance Functions−0.041.000.021.00**0**.**060**.**02**Recurrent Depressive Disorder0.081.00−0.061**0**.**070**.**04**Functions of Brain0.090.65**−0**.**100**.**04**0.030.09h^2^~diff~ = (r~MZM~ - r~DZM~) − (r~MZF~ - r~DZF~); c^2^~diff~ = (2r~DZM~ - r~MZM~) − (2r~DZF~ - r~MZF~); r~dzss~ = midpoint between dizygotic male (r~DZM~) and female (r~DZF~) twin correlation and r~dos~ = dizygotic opposite-sex twin correlation. See Supplementary Dataset [S1](#MOESM2){ref-type="media"} for detailed information on all tested traits. \*Bonferroni corrected p-value for 50 trait categories. \*\*Bonferroni corrected p-value for 36 trait categories.

Discussion {#Sec5}
==========

Although twin studies have reported sex-specific correlations for many traits, surprisingly few studies have systematically assessed the overall importance of sex-specific genetic and environmental influences. We present a comprehensive analysis of sex-specific genetic and environmental effects across all human traits that have been studied in twins to date, based on over two million twin pairs. Overall, we find little evidence for sex-related differences in the extent to which genetic or shared environmental influences contribute to the population variance. On the trait level only 1% of 2,608 traits showed robust statistical evidence for sex differences.

For some of the trait categories for which we did find sex-specific effects, differential sex effects can biologically be expected. For example, *Disorders of Puberty*, *Not Elsewhere Classified* includes traits like onset of puberty, which is measured differently in males and females (i.e. start of breast development in girls and change of voice in boys) and for which it is not unthinkable that different genes influence the specific bodily changes in boys and girls. Other traits, like *Height*, *Weight Maintenance Functions*, *Eating Disorders*, *Food*, *Specific Personality Disorders*, *Recurrent Depressive Disorder*, and *Looking After One's Health* are measured similarly in males and females, but have been reported previously to be sexually dimorphic. For example, males and females have different fat percentages and fat distributions (*Weight Maintenance Functions*)^[@CR14]^, different levels of physical activity and self-rated health (*Looking After One's Health*)^[@CR15]^. Although prevalence differences do not automatically imply etiological differences, it is noteworthy that food preferences, food intake (*Food*), and the prevalence of eating disorders are also different in males and females^[@CR16]^, as well as in some personality disorders^[@CR17]^. In addition, for all these trait categories the genetic contribution is much larger than that of shared environmental effects^[@CR10]^. This suggests that sexual dimorphism for these categories is mainly driven by sex-specific genetic effects. In contrast, the categories *Mental and Behavioural Disorders Due to Use of Tobacco* and *Looking After One's Health* show a relatively large contribution of shared environmental effects, suggesting that different environmental factors (as well as genetic factors) may contribute to the differences observed in males and females^[@CR10]^.

Although our results show sex differences for some traits, it is yet unclear which genomic regions underlie these differences. Especially for sex dimorphic traits, sex differences may simply reflect differences on the sex chromosome.

Note that the heritability estimate (h^2^) and contribution of shared environmental factors (c^2^) are independent from the male-female genetic correlation and correlation due to shared environmental factors. While the former estimate how much genetic and shared environmental factors contribute in males and females, the latter estimates the extent to which the same factors contribute in males and females, irrespective of their magnitude.

Our results are in sharp contrast with the most prominent findings presented in a review by Gilks *et al*.^[@CR18]^, which suggested that 50% of human traits have sex-specific heritabilities. An important difference between their review and our study is the number and type of traits. Gilks *et al*.^[@CR18]^ analyzed 32 human traits that focused on anthropomorphic characteristics, where we analyzed a wide variety of over 2,600 traits. Furthermore, we based our analyses on over two millions of twin pairs, allowing robust assessment of sex-specific heritabilities in human traits. Of the 15 traits for which Gilks *et al*.^[@CR18]^ reported sex differences in heritability we could confirm six sex-related etiological differences. These six traits were all part of the broader trait categories *Height*, *Weight Maintenance Functions*, and *Eating Disorders*.

The twin correlations used in this study have several levels of dependency. Many twin studies report on several, possibly related traits. Although this does not invalidate the individual p-values we report for example in Figs [1](#Fig1){ref-type="fig"} and [2](#Fig2){ref-type="fig"}, it does imply that the Bonferroni correction will be somewhat conservative. The extent of this effect is difficult to assess, since it is not always known which correlations are (partly) based on the same sample.

Despite little evidence for sex differences in the relative contribution of genetic and shared environmental influences, one quarter of the investigated trait categories in our study do show evidence for differential genetic and/or environmental effects. Since many of these traits show small contributions of shared environment, it is likely that sex-specific genetic effects, as opposed to sex-specific environmental effects, play a role. Nonetheless, for a large majority of trait categories, including trait categories that are sexually dimorphic, we do not find evidence that the relative influences of genes and environment is different between males and females. This is consistent with recent studies based on SNP data that show large SNP-based genetic correlations between males and females across human traits^[@CR19]--[@CR21]^. For example, even the effect size of genetic variants related to sex-specific puberty-related traits like age at menarche and voice breaking show a relatively large correlation. These converging lines of evidence do not imply that sex-specific genetic variants do not exist for the majority of human traits. They do imply, however, that the overall contribution of sex-specific genetic variants to the genetic architecture is modest at best for most traits.

Although previous studies have performed similar analyses based on the classic twin model, the collection of phenotypes analyzed in this study is unprecedented by covering virtually all twin studies published to date, providing a comprehensive assessment of the sex differences across all human traits.

In conclusion, for the majority of traits, the relative influence of genes and environment is highly similar in males and females and genetic influences are typically not sex-specific. This suggests that for many traits the number of identified sex-specific genetic variants will be small compared to non-sex-specific variants. For those traits where we do report sexual dimorphism, sex-specific approaches may aid in future gene-finding efforts.

Materials and Methods {#Sec6}
=====================

We used the database of Polderman *et al*.^[@CR10]^, which is a comprehensive database of virtually all twin studies published between 1958 and 2012. The database includes reported twin correlations from 2,748 twin studies for 17,804 traits classified into \>300 official trait categories according to the official ICF^[@CR12]^ and ICD-10^13^. In the current study we focus on traits as reported in the original study and trait categories classified according to the official ICF and ICD-10 sub-chapter classification. None of the trait variables have been adjusted for covariates before computing the twin correlations. However, since correlations are insensitive to sex differences in trait mean and variance, same-sex and opposite sex correlations in DZ twins are comparable for sex dimorphic traits as well.

Since only twin correlations are consistently reported in twin studies, we computed the commonly used least squares estimates of the heritability (h^2^ = 2(r~MZ~ − r~DZ~)) and relative contribution of shared environment (c^2^ = 2r~DZ~ − r~MZ~) for individual traits as well as the meta-analyzed trait categories^[@CR11]^. A key assumption of the classic twin model on which the least squares estimates of h^2^ and c^2^ are based is that shared environmental influences are similar in monozygotic and dizygotic twin pairs respectively. In their comprehensive review of the twin literature, Polderman *et al*.^[@CR10]^ only included twin studies in which siblings were brought up in the same nuclear family. Moreover, a previous study on several traits did not find significant differences in shared environmental factors between monozygotic and dizygotic twins^[@CR22]^, showing at least for some human traits that this key assumption of the classic twin model is tenable.

We selected all traits for which sex-specific twin correlations and their standard errors (SEs) were available: the monozygotic male (r~MZM~) and female (r~MZF~), dizygotic male (r~DZM~) and female (r~DZF~), and opposite sex (r~DOS~) twin correlations. SEs were computed on the correlation scale $\documentclass[12pt]{minimal}
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                \begin{document}$$({\boldsymbol{se}}({\boldsymbol{r}})=\sqrt{\frac{1-{{\boldsymbol{r}}}^{2}}{{\boldsymbol{n}}-2}})$$\end{document}$. From these twin correlations we derived the heritability (*h*^2^ = 2(r~MZ~ − r~DZ~); se(h^2^) = 4(se(r~MZ~)^2^ + se(r~DZ~)^2^)) and contribution of shared environment (c^*2*^ = 2r~DZ~ − r~MZ;~ se(c^2^) = 4se(r~DZ~)^2^ + se(r~MZ~)^2^) for males and females separately. We estimated the same-sex correlation by meta-analyzing the male and female dizygotic twin correlations using a fixed effects model after Fisher-z transformation. We used these sex-specific statistics to test the following three hypothesis: 1) male and female heritabilities are equal (h^2^~male~ = h^2^~female~), 2) male and female shared environmental effects are equal (c^2^~male~ = c^2^~female~), and 3) the opposite-sex twin correlation equals the DZ same-sex correlation (r~DZSS~ = r~DOS~). All hypotheses were tested with a Wald test (z = beta/se).

To account for similarity of traits within trait categories, we meta-analyzed all twin correlations within each trait category using a random effects model (see ref. [@CR10] for details) and tested all three hypotheses for each trait category. We only included those traits for which at least 500 twin pairs were included in the meta-analysis and at least 10 studies contributed to the meta-analytic estimate. In addition, for each individual study at least 5 twin pairs needed to be present. This resulted in 50 trait categories (based on 2,608 individual trait statistics) with sufficiently reliable estimates to test our hypotheses (see Table [1](#Tab1){ref-type="table"}). All three hypotheses were tested per trait as well as per trait category, based on the meta-analysis estimates of the relevant twin correlations. Bonferroni correction was applied per hypothesis for traits and trait categories respectively. See Supplementary Dataset [S1](#MOESM2){ref-type="media"} online for more elaborate descriptive statistics of the twin correlations and derived statistics.

Meta-analyzed data on the trait category level and R syntax used in the current study are included in this published article (and its Supplementary Information files). The raw data analysed and generated during the current study are available from the corresponding author on reasonable request.
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